Although quantum mechanics (QM) and quantum field theory (QFT) are highly successful, the seemingly simplest state -vacuum -remains mysterious. While the LHC experiments are expected to clarify basic questions on the structure of QFT vacuum, much can still be done at lower energies as well. For instance, experiments like PVLAS try to reach extremely high sensitivities, in their attempt to observe the effects of the interaction of visible or near-visible photons with intense magnetic fields -a process which becomes possible in quantum electrodynamics (QED) thanks to the vacuum fluctuations of the electronic field, and which is akin to photon-photon scattering. PVLAS is now close to data-taking and if it reaches the required sensitivity, it could provide important information on QED vacuum. PVLAS and other similar experiments face great challenges as they try to measure an extremely minute effect. However, raising the photon energy greatly increases the photon-photon cross-section, and gamma rays could help extract much more information from the observed light-light scattering. Here we discuss an experimental design to measure photon-photon scattering close to the peak of the photon-photon cross-section, that could fit in the proposed construction of an FEL facility at the Cabibbo Lab near Frascati (Rome, Italy).
Introduction
The quantum theories of fields rank among the most spectacularly successful theories of physics, and yet they display some evident shortcomings that show that we still do not understand some basic elements of the physical world. Certainly, the most important failing is the uncanny mismatch between the measured energy density of vacuum and the energy density of the ground level of the fundamental fields 1,2,3 , which is wrong by something like 120 orders of magnitude. This is the so called "cosmological constant problem", and several potential solutions have been devised to get rid of it, but at the moment we cannot pinpoint any of these solutions as the final one 1 . a It is important to devise experiments that can help disentangle this complex knot. For instance, the search for supersymmetric particles at the LHC and in astroparticle experiments could lead to momentous breakthroughs. In this paper we briefly discuss an experiment in which we study the vacuum of QED at the low-energy end, and we propose an accelerator setup that could accommodate a higher-energy version of the same experiment, with far fewer noise problems.
Light-light or light-field interaction in the low-energy limit
In the absence of matter, Maxwell's equations can be obtained from the classical electromagnetic Lagrangian density L Cl (in S.I. units)
In this case the superposition principle holds, and light-light scattering and other nonlinear electromagnetic effects in vacuum are excluded. In 1936, after the introduction of Dirac's equation for electrons and Heisenberg's Uncertainty Principle, Euler and Heisenberg 4 derived a Lagrangian density which leads to electromagnetic nonlinear effects even in vacuum. For photon energies well below the electron mass and fields much smaller than their critical values, B ≪ B crit = m 
where µ 0 is the magnetic permeability of vacuum and 
a As S. Weinberg put it, in an influential review paper on this problem 1 : "Physics thrives on crisis. . . . Perhaps it is for want of other crises to worry about that interest is increasingly centered on one veritable crisis: theoretical expectations for the cosmological constant exceed observational limits by some 120 orders of magnitude. "
paper Exploring quantum vacuum with low-energy photons 3 withλ e being the Compton wavelength of the electron, α = e 2 /(4πǫ 0 c) the fine structure constant, m e the electron mass, c the speed of light in vacuum.
This Lagrangian correction allows four-field interactions and can be represented, to first order, by the Feynman diagrams shown in Figure 1 a) and b). The magnetic case is specially important, because it is easier to produce a high energy density with diffuse magnetic fields rather than with electric fields. To determine the magnetic birefringence of vacuum the electric displacement vector D and magnetic intensity vector H are derived from the total Lagrangian density L = L Cl + L EH by using the relations 5
From these one obtains
From now on one proceeds as in (nonlinear) material media: it is evident that the superposition principle no longer holds, because of the nonlinear dependence of D and H with respect to E and B. By assuming a linearly polarized beam of light propagating perpendicularly to an external magnetic field B ext there are . 
From these sets of equations two important consequences are apparent: the velocity of light is no longer c when an external magnetic field is present, and vacuum becomes birefringent with
Light-by-light scattering probes into quantum vacuum, however it is by no means limited to QED. In the following sections we delineate briefly how refinements and new physics could modify the QED prediction, and open a new window on QED vacuum.
Post-Maxwellian generalization
Quantum field theories are challenged by string theories and their offshootsand one particular prediction is that the effective Lagrangian correction should be a Born-Infeld (BI) Lagrangian L BI (see, e.g., references 6 and 7 ), defined by
where b is the maximum magnetic field strength in the BI theory, rather than the Euler-Heisenberg Lagrangian L EH . To take into account this and other possible variants, it is interesting to generalize the non linear electrodynamic Lagrangian density correction by introducing two dimensionless free parameters depending on the model, η 1 and η 2 :
where ξ = 1/B (10) This expression reduces to (7) if η 1 = α/45π and η 2 = 7/4η 1 . It is thus apparent that n depends only on η 1 whereas n ⊥ depends only on η 2 . It is also noteworthy that if η 1 = η 2 , as is the case in the Born-Infeld model, then there is no magnetically induced birefringence even though elastic scattering will be present. 8,9
New physics
The QED vacuum can also be modified by other fields interacting with photons and this means that by exploring vacuum we wade into a world of possible new physics. As mentioned above, two other important hypothetical effects could also cause n = 1 in the presence of an external magnetic (or electric) field transverse to the light propagation direction. These can be due either to neutral bosons weakly coupling to two photons called axion-like particles (ALP), 10,11,12,13 or millicharged particles (MCP). 14, 15, 16, 17, 18 In this second case both fermions and spin-0 particles can be treated.
ALP
Search for axions using laboratory optical techniques was experimentally pioneered by the BFRT collaboration 19 and subsequently continued by the PVLAS effort. 20,21,22 Initially, this second experiment published the detection of a dichroism induced by the magnetic field 23 in vacuum. Such a result, although in contrast with the CAST experiment, 24 could have been due to axion-like particles. Subsequently the result was excluded by the same collaboration 21,22 after a series of upgrades to their apparatus and almost simultaneously the axion-like interpretation was excluded by two groups 25,26,27 in a regeneration type measurement. However, the original publication revived interest in the optical effects which could be caused by ALP's and later MCP's.
The Lagrangian densities describing the interaction of either pseudoscalar fields φ a or scalar fields φ s with two photons can be expressed as (for convenience, written in natural Heaviside-Lorentz units)
where M a and M s are the inverse coupling constants. Therefore in the presence of an external uniform magnetic field B ext a photon with electric field E γ parallel to B ext will interact with the pseudoscalar field whereas for electric fields perpendicular to B ext no such interaction will exist. For the scalar case the opposite is true: an interaction will exist if E γ ⊥ B ext and will not if E γ B ext . When an interaction is present, an oscillation between the photon and the pseudoscalar/scalar field will exist.
For photon energies above the mass m a,s of such particle candidates, a real production can follow. This will cause an oscillation of those photons whose polarization allows an interaction into such particles. On the other hand, even if the photon energy is smaller than the particle mass, virtual production will follow and will cause a phase delay for those photons with an electric field direction allowing an interaction.
The attenuation κ and phase delay φ for light with polarization allowing an interaction can be expressed, in both the scalar and pseudoscalar cases 10,11,19 , as follows:
where, in vacuum, x = 
Therefore in the pseudoscalar case, where n a > 1 and n a ⊥ = 1, and in the scalar case, where n s ⊥ > 1 and n s = 1, the birefringence ∆n = n − n ⊥ will be
In the approximation for which x ≪ 1 (small masses) this expression becomes
whereas for x ≫ 1
The different behavior of n s ⊥ − 1 and n a − 1 with respect to L in the two cases where x ≪ 1 and x ≫ 1 is interesting and leaves, in principle, a free experimental handle for distinguishing between various scenarios.
MCP
Consider now the vacuum fluctuations of particles with charge ±ǫe and mass m ǫ as discussed by Gies and Ringwald in references 14 and 15. The photons traversing a uniform magnetic field may interact with such fluctuations resulting in both a pair production if the photon energy ω > 2m ǫ and only a phase delay if ω < 2m ǫ . Furthermore, either fermions or spin-0 charged bosons could exist. Since we are discussing birefringence effects only the (real) index of refraction will be considered here.
-Dirac fermions Let us first consider the case in which the millicharged particles are Dirac fermions (Df). As derived by Tsai in reference 16 the indices of refraction of photons with polarization respectively parallel and perpendicular to the external magnetic paper Exploring quantum vacuum with low-energy photons 7 field have two different mass regimes defined by a dimensionless parameter χ (S.I. units):
It can be shown that 14,17
with
in analogy to equation (3). In the limit of large masses (χ ≪ 1) this expression reduces to (6) with the substitution of ǫe with e and m ǫ with m e in equation (18) . The dependence on B ext remains the same as for the well known QED prediction. For small masses (χ ≫ 1) the index of refraction now also depends on the parameter χ −4/3 resulting in a net dependence of n with B 2/3 ext rather than B 2 ext . In both mass regimes, a birefringence is induced:
-Spin-0 charged bosons Very similar expressions to the Dirac fermion case can also be obtained for the spin-0 (s0) charged particle case. 14,18 Again there are two mass regimes defined by the same parameter χ of expression (17) . In this case the indices of refraction for the two polarization states with respect to the magnetic field direction are
The vacuum magnetic birefringence is therefore
As can be seen there is a sign difference in the birefringence ∆n induced by an external magnetic field in the presence of Dirac fermions with respect to the case in which spin-0 particles exist.
Higher order QED corrections
Figures 1 c) and d) show the Feynman diagrams for the α 3 contribution to the vacuum magnetic birefringence. The effective Lagrangian density for this correction has been evaluated by different authors 28,29,30 and can be expressed as
This Lagrangian leads to an extra correction ∆n Rad of the vacuum magnetic birefringence given in equation (7) ∆n
resulting in a 1.45 % correction.
The PVLAS experiment
The PVLAS experiment is paradigmatic of a class of low-energy experiments to measure the properties of quantum vacuum b . The core of the PVLAS experiment is an ellipsometer capable of measuring very small ellipticities and rotations. The extremely sensitive PVLAS ellipsometer is primarily designed to measure small birefringences due to the presence of a strong dipolar magnetic field, as predicted by QED. The dipolar magnetic field B is produced by two strong permanent dipole magnets. The same ellipsometer can also be used to measure small rotations due to dichroism, and attributable to the same magnetic field: although QED does not predict dichroism (photon splitting is unmeasurably small), ALP's and MCP's could contribute to it.
In this section we give a short description of PVLAS: for a full, more detailed account, see Ref. 32 .
A birefringence ∆n induces an ellipticity Ψ on a linearly polarized beam of light given by
where L eff is the effective path length within the birefringent region with birefringence ∆n and λ is the wavelength of the light traversing it. The induced ellipticity also depends on the angle ϑ between the light polarization and the magnetic field b The PVLAS experiment is the direct successor of the experiment that was originally proposed in ref 31 . Some of the authors of this paper are also members of the PVLAS Collaboration (EM, FDV, GZ, GM, UG, RP and GR).
direction. In the QED case ∆n depends quadratically on the magnetic field B. Therefore the magnetic field region must be as long as possible, the magnetic field as intense as possible and the wavelength small. Finally the expected ellipticity must be compared to the different noise sources present and to the maximum available integration time.
Experimentally L eff can be made very long by using a very high finesse FabryPerot cavity. In fact given a birefringent region of length L within a Fabry-Perot cavity of finesse F the effective path length is L eff = 2F π L. Today finesses F > 400000 can be obtained.
High magnetic fields can be obtained with superconducting magnets but it is desirable to have a time dependent field either by ramping it, thereby changing ∆n or by rotating the field direction, thereby changing ϑ. This makes superconducting magnets far less appealing than permanent magnets which, today, can reach fields above 2.5 T. Furthermore permanent magnets are relatively inexpensive to buy, have no running costs and have 100% duty cycle allowing in principle very long integration times.
As for the wavelength we work with a Nd:YAG laser emitting radiation at 1064 nm. Frequency doubled versions exist and could double the induced ellipticity but at the moment the highest finesses have been obtained without the frequency doubling.
Lastly it is necessary to make the magnetic field time dependent to move away from DC measurements and limit 1/f noise. Two detection schemes exist: homodyne detection or heterodyne detection. This second technique has been adopted in the PVLAS collaboration.
A scheme of the ellipsometer is shown in Figure 2 . The input polarizer linearly polarizes the laser beam of intensity I 0 which then enters the sensitive region delimited by the Fabry-Perot cavity mirrors. The laser is phase locked to this cavity thus increasing the optical path length within the magnetic field by a factor 2F /π where F is the finesse of the cavity. After the cavity the laser beam passes through a photo-elastic ellipticity modulator (PEM) which adds a known time dependent ellipticity η(t) to the beam. This modulator ellipticity adds to the ellipticity Ψ(t) acquired within the magnetic field region. After the PEM the beam passes through the analyzer which selects the polarization perpendicular to the input polarization. A photodiode detects I Tr and its Fourier spectrum is then analyzed. 
Numbers
A low-energy experiment like PVLAS seeks to detect a tiny effect, and to appreciate the difficulties involved in this task it is useful to present some numerical values. These numbers must be interpreted in the light of the tiny vacuum magnetic birefringence due to the Euler-Heisenberg Lagrangian.
In the apparatus under construction, we will have a total magnetic field length L = 1.6 m with a field intensity |B ext | = 2.5 T resulting in B 2 ext L = 10.5 T 2 m. At present, in the test apparatus, we are running with a finesse F = 240000. In the past we have reached a maximum finesse value of F = 414000. Such values have also been published by other authors. We can therefore assume a value of F = 400000 for our calculation. Putting these numbers together leads to
Assuming a maximum integration time T max = 10 6 s and a signal to noise ratio SNR = 1 implies that the sensitivity must be
As discussed in Ref. 22 the ultimate shot noise ellipticity sensitivity limit with the heterodyne technique depends only on the current generated in the photodiode. Assuming the power output from the cavity I Tr = 5 mW and the quantum efficiency of the diode q = 0.7 A/W.
At present our sensitivity with I Tr = 5 mW is about s Exp ∼ 3 · 10
at the frequency of interest. Work is still underway to detect and suppress all the noise sources.
A careful treatment of the polarization optics in the ellipsometer shows that the power output of the final detection photodiode, including losses, is 32,33
This expression is at the basis of the ellipsometer in the PVLAS apparatus. 34 Small ellipticities add up algebraically and the Fabry-Perot multiplies the single pass ellipticity ψ sin 2ϑ, generated within the cavity, by a factor (1 + r 2 )/(1 − r 2 ) ≈ 2F /π, where F is the finesse of the cavity. The ellipticity signal to be detected is therefore Ψ = (2F /π)ψ sin 2ϑ.
In the PVLAS apparatus we modulate η(t) = η 0 cos(ω Mod t + θ Mod ) and the magnetic field direction is rotated at an angular velocity Ω Mag . A Fourier analysis of the power I Tr (t) of equation (29) results in four main frequency components each with a definite amplitude and phase. These are reported in table 1.
Frequency
Fourier component Intensity/I 0 Phase
The presence of a component at ω Mod ±2Ω Mag in the signal identifies an induced ellipticity within the Fabry-Perot cavity. Furthermore the phase of this component must satisfy the value in table 1.
Other experiments
PVLAS is not alone in its quest, and there are other experiments that are currently being set up to measure the magnetic birefringence of vacuum 35, 36, 37, 38, 39, 40, 41, 42 . The basic technique remains the same, although the implementation can differ markedly, as is the case of the planned BMV experiment 39 . BMV utilizes a very strong, pulsed magnetic field: the field is much higher than in PVLAS, and this leads to a correspondingly higher birefringence, however the duty cycle is much reduced, at the level of about 10 −6 . It is interesting to compare the two approaches, and we note that in magnetic birefringence measurements the important experimental parameter is
where F is the finesse of the Fabry-Perot cavity (substantially equivalent to the number of passes through the magnetic field region), L B is the magnetic field length, λ is the wavelength used and D t is the duty cycle. The corresponding actual running values (4 hours running per 24 hour day: liquid helium filing in the morning, running in the afternoon, resting at night) for PVLAS and expected (5 pulses per hour, 24 hours per day) values for BMV are respectively F PVLAS = 37000, . These values result in ǫ PVLAS = 6.2·10 10 T 2 and ǫ BMV = 27·10 10 T 2 respectively. Thus, although BMV has both a higher finesse and higher value of LB 0 B 2 dL, the extremely low duty cycle completely eliminates these advantages. The slightly better optical sensitivity of BMV (the signal is at higher frequencies and is therefore less subject to 1/f noise) partially compensates this loss due to the small duty cycle with a final result that the total running time necessary to reach the same sensitivity as PVLAS is approximately the same. Ultimately the success of either scheme shall depend on the noise level attained and on the ability to control all the systematic effects.
Light-light scattering cross-section and "high-energy" tests
We have seen in the previous sections that a low-energy measurement is extremely difficult because of the smallness of the QED effect and because of the large background noise, that must be suppressed to a very high degree to carry out the actual measurement, as well as because of systematic effects that must all be kept in check. However the photon-photon cross section is a fast-growing function of the photon energy, and a higher-energy measurement would be an interesting alternative approach. In this section we briefly consider the basics of photon-photon scattering, and how it relates to the underlying QED structure, and put forward some suggestions for possible experiments at a dedicated photon-photon scattering facility.
Photon-photon scattering cross-section
The photon-photon scattering cross-section was first considered by Halpern 43 , and the low-energy cross section was first calculated by Euler and Kockel 44 . The complete cross-section was first calculated by Akhieser et al 45 . Later, it was thoroughly studied in a series of papers by Karplus and Neuman 46,47 , and by De Tollis 48,49 . It turns out that a quantity that plays a very important role is the so called vacuum polarization tensor G (κ) µνλσ , which depends on the photon four-momenta, and is completely symmetric with respect to indices and momenta, and is also divergenceless and P-invariant:
Here the upper index denotes photons, and conventionally 1 and 2 denote the incoming photons; κ = mc 2 / c is the reciprocal length related to the mass of the fermion (electron) in the loop shown in Figure 1a . In order to obtain meaningful results, the vacuum polarization tensor must be regularized
The differential cross-section can be computed directly from the vacuum polarization tensor, and in the CM reference frame where
where r e is the classical electron radius; here M represents generically the polarization dependent amplitudes that are directly related to the vacuum polarization tensor
When we consider the scattering of unpolarized photons, we must replace |M | 2 with its average over all the incoming photon polarizations and sum over all outgoing photon polarizations. At energies less than about 0.7 MeV, the CM differential cross-section -averaged over initial polarizations and summed over final polarizations -is
It is interesting to remark that the cross-section depends directly on the vacuum polarization tensor and that the regularization procedure plays an all-important role. Indeed, if one forgoes regularization, the cross-section turns out wrong: this was recently evidenced by a preprint in arXiv 50 and by a paper that rectified the wrong claims in the preprint 51 . The relevance of regularization here involves some deep issues, as evidenced by Jackiw 52 , who distinguished three classes of radiative corrections: those that diverge and do absolutely need regularization, those that do not diverge and yield definite results without regularization, and those that do not diverge, but lead to undefined results unless they are regularized. Jackiw conjectured that "if the form of the radiative correction is such that inserting it into the bare Lagrangian would interfere with symmetries of the model or would spoil renormalizability, then the radiative result will be finite and uniquely fixed. Alternatively, if modifying the bare Lagrangian by the radiative correction preserves renormalizability and retains the symmetries of the theory, then the radiative calculation will not produce a definite result -it is as if the term in question is already present in the bare Lagrangian with an undetermined strength, and the radiative correction adds a further undetermined contribution. With this criterion, the radiatively induced g − 2 Pauli term in QED and the photon mass in the Schwinger model are unique . . . ". These considerations place the tests of g − 2 in a different class with respect to photon-photon scattering and show that the measurement of the photon-photon cross-section is not just a test of QED as it is, but a deep test of the regularization procedure as well. The approximate expression (35) shows that the CM cross-section is a very fast-growing function of photon energy, and close to 1 MeV, it is about 36 orders of magnitude higher than in the visible photon range.
It is also important to note that the ability of setting the initial photon polarization gives a partial access to the individual polarization dependent amplitudes. This is illustrated in Figure 3 which shows the cross-section for unpolarized photons, as well the cross-section for photons that are polarized parallel and perpendicular to the scattering plane.
A photon-photon scattering experiment with photon energies in the 0.5-0.8 MeV would thus lead to an important check of our understanding of QED vacuum. The cross-section is not small, and an experiment would be feasible with current technology.
A facility dedicated to photon-photon scattering
A facility dedicated to photon-photon scattering has already been proposed a few years ago by Becker, McIver and Schlicker 53,54 , and now we believe that the advances in accelerator and light-source technology make such a facility feasible and within budget of many national funding agencies. The basic idea involves an electron accelerator, such an FEL source, and an intense photon beam -in the original proposal the very photon beam produced by the optical FEL source. By splitting both the electron beam and the photon beams to produce pairs of counter-propagating beams, and Compton backscattering to raise the energy of the photon beams, it is possible to produce a photon-photon collider. These variants are illustrated in figures 4 and 5 .
According to references 53 and 54, the total scattering rate per electron in the scheme shown in figure 4 is
where ω q is the angular frequency of the FEL radiation, λ q is the wavelength, the ν parameter is given by the expression
r 0 is the classical electron radius, and I is the FEL beam irradiance. Moreover, the f (ν) function is defined by the integral
where the upper integration limit sets the useful cone opening angle of the emitted Compton-backscattered beam. From equation (36) one finds that the number of backscattered photons per electron microbunch is
where ∆t is the corresponding duration of the micropulse, and where N eff e is the number of electrons in the bunch that can actually scatter the FEL photons, and which is found by a simple scaling relation between the FEL and the electron beam cross-sectional areas
where the factor 2 now comes from splitting the electron beam in two, N e is the number of electrons in the microbunch, z 2 is the photon beam cross-sectional area 
where σ is the photon-photon scattering cross-section discussed above. Equations (36) (37) (38) (39) (40) (41) are important in designing variants of the original scheme of Becker et al. 53, 54 . Now, the planned Cabibbo Lab infrastructure (close to the INFN Frascati Laboratories, near Rome), includes powerful LINACs and possibly a hard-X-ray FEL 55,56 , and it could be modified to incorporate a photon-photon scattering facility. Given the high energy of the LINACs, only photons scattered at an angle shall be usable for the photon-photon scattering experiment. In particular, recalling the relationship 57
between the incoming photon energy E L and the outgoing photon energy E x in the Compton backscattering process (in the original electron rest frame), where θ 1 is the angle between the incoming electron and photon beams, and θ is the angle between the incoming electron beam and the scattered photon, we find that θ 1 should be close to 0.12 radians to match the peak of the photon-photon scattering crosssection. The angle between the electron and the photon beams helps in designing the experiment; what else do we gain in a high-energy facility? Unfortunately there is not much to gain from the higher energy: in the initial electron rest frame the Klein-Nishina cross-section is (see, e.g., reference 57)
where R is the ratio between outgoing and incoming photon energy in the rest frame, and θ ER is the scattering angle in the rest frame. Since R ≤ 1 in the rest frame, we see that the cross section has a very weak dependence on photon energy, and not much can be expected moving to a higher photon energy. However the Cabibbo Lab complex is designed to achieve a high intensity as well: this is just where we can gain, and in the next months we plan to complete a design study with these optimization constraints in mind.
